Hammerman M, Aspenberg P, Eliasson P. Microtrauma stimulates rat Achilles tendon healing via an early gene expression pattern similar to mechanical loading.
THE FIRST TISSUE FORMING AFTER TENDON RUPTURE is mechanically weak, and loading might cause local microdamage. However, loading during early tendon healing has been shown to increase the strength of the Achilles tendon in rats (7, 25) . In the clinic, several new rehabilitation programs after tendon rupture strive toward early loading (16, 21, 32) . We have previously noted microscopic bleedings in healing tendons after early loading in a rat model, as a sign of microdamage inside the healing tissue (7) . Killian et al. (17) mention the risk of microdamage in a review, where they are concerned that too much loading early on will damage the healing tissue. However, it is unknown whether microdamage is good or bad for healing. Small damages could perhaps increase the healing response and create a stronger tendon callus. This study is concerned with microdamage in unloaded tendons and relates the findings to previous studies on mechanical loading.
As loading during early healing might induce microdamage, it becomes difficult to distinguish between a response to mechanotransduction or microdamage in animal models. It is also difficult to create a model for pure mechanotransduction in healing tendons, without any microdamage, because the early tendon callus is too weak. We finally realized that the solution lies in a model applying trauma without loading. We therefore created a model for microtrauma in unloaded healing rat Achilles tendons, by needling. In all animals, the tendons were unloaded by botulinum toxin injections to prevent interference from mechanotransduction as much as possible. We first tested the hypothesis that needling could make the unloaded healing tendon stronger.
Next, we studied if the gene expression response to needling showed similarities to the response to loading. Previous genome-wide expression analyses after one single loading episode in a similar model have shown only a few genes upregulated after 15 min: Egr1, Egr2, c-Fos, FosB, and Rgs1 (8, 9) . In contrast, many more genes were regulated 3 h after loading, with more than 150 genes up-or down-regulated (8) . Many of these genes are involved in inflammation.
We used the same model, as for mechanical testing, with needling in unloaded healing rat Achilles tendons. Needling was induced on day 5 after transection, and gene expression was studied by qRT-PCR. We chose to study 19 genes which we have previously seen regulated by loading (8, 9) . Egr1, Egr2, c-Fos, and FosB are transcription factors which are involved in proliferation and differentiation of different mesenchymal cells (11, 15, 19, 29) . Egr1 and Egr2 have been shown to be important during both tendon development and tendon healing (14, 18) . Rgs1 is a negative regulator of G protein signaling, and G proteins are involved in cell proliferation, differentiation, and apoptosis (28, 35) . IL-1b, IL-1rn, Ptges, and iNOS are genes involved in inflammatory responses and there among early tendon healing (30) . IL-1b is a proinflammatory cytokine, and IL-1rn is its antagonist (4). iNOS and Ptges are enzymes; iNOS is important for nitric oxide (NO) production, and Ptges is important for PGE 2 production. Both NO and PGE 2 have previously been shown to be important for tendon healing (2, 34) . ADAMTS-4 and Pappa are both metalloproteinases (5, 33) . ADAMTS-4 mainly degrades proteoglycans (33) , and Pappa is believed to regulate IGF bioavailability by cleaving IGF-binding protein-4 (5, 22) . Pappa has also been shown to be important in injury repair responses during skin wound healing and fracture healing (5, 22) . VEGF, Angpt1, and Angptl1 are all involved in angiogenesis (10, 12, 23) . F3, F5, and C3 are coagulation and complement factors (3, 6, 27) . Both angiogenesis and coagulation are involved in early tendon healing (3, 20) . Scleraxis is a transcription factor and tenomodulin is a transmembrane glycoprotein (31) . Both are known tendon markers, where scleraxis is an early differentiation marker, which is later followed by tenomodulin (31) . These selected genes were all regulated by loading in previous studies. We now studied if they are also regulated by needling.
MATERIAL AND METHODS
Study design. Forty-three female Sprague-Dawley rats were used for this study (mean weight 230 Ϯ 13 g): 19 for mechanical testing and 24 for real-time PCR analyses ( Table 1 ). All rats were given Botox injections to unload the calf muscles, and the Achilles tendon was transected and left to heal. For mechanical testing, 9 rats served as control and 10 rats were subjected to microtrauma by needling on days 2-5 after transection. Because changes in mechanical properties are dependent on tissue formation, which takes time, we waited for 3 days and then performed mechanical testing on day 8. As for the gene expression study, gene expression is more transient and we wanted to study the initial response after needling. Gene expression analysis was performed at 15 min or 3 h after a single microtrauma event on day 5 after transection. The expression was related to controls (Botox but no microtrauma) on day 5. All experiments were approved by the Regional Ethics Committee in Linköping for animal experiments and adhered to the institutional guidelines for care and treatment of laboratory animals. The rats were housed two per cage and were given food and water ad libitium.
Unloading. The right hind limb was unloaded by botulinum toxin injections into the calf muscles. All rats were anesthetized with isoflurane gas (Forene, Abbot Scandinavia, Solna, Sweden), and the skin on the right hind limb was shaved. Botulinum toxin (Botox, Allergan, Irvine, CA) was injected into the gastrocnemius lateralis and medianus and in the soleus muscles at a dose of 1U/muscle, giving a total dose of 3U/animal and a total volume of 0.06 ml. The animals were thereafter allowed free cage activity for 3 days before the tendon was transected. This was done to allow full effect from the Botox.
Surgery. After 3 days, all rats underwent Achilles tendon transection. They were anesthetised with isoflurane gas and given antibiotics (25 mg/kg oxytetracycline; Intervet, Boxmeer, The Netherlands) preoperatively. They were also given analgesics (0.045 mg/kg buprenorphine; Schering-Plough, Brussels, Belgium) preoperatively and during the first 24 h after surgery. The surgery was performed under aseptic conditions, and the skin over the right Achilles tendon was shaved and washed. A transverse incision was made in the skin lateral to the tendon, and the Achilles tendon complex was exposed. The plantaris tendon was removed to avoid interference during material testing. The Achilles tendon was Table 1 . Experimental setup
B means Botox injections into the calf muscles. S means surgery to transect the Achilles tendon. T means trauma to the callus tissue by needling with an insulin needle. †means euthanasia. N is the number of rats in each group when the experiment started. Rats for qRT-PCR analysis were killed 15 min and 3 h after needling on day 5. transversely transected, and a 3-mm segment was removed. The tendon was left unsutured while the skin was sutured.
Microtrauma. Ten rats for mechanical evaluation and 16 rats for gene expression analysis were subjected to microtrauma in their callus. They were anesthetised with isoflurane. Microtrauma was induced by four percutaneous penetrations using an insulin needle (0.25 mm in diameter, size 31G) from the lateral, medial, proximal, and distal side of the callus. After the skin was penetrated, we advanced the needle into the callus tissue 5 times in different directions. This resulted in a total of 20 punctures into the callus. The needling was performed daily on days 2-5 for the mechanical evaluation and only once on day 5 for the quantitative real-time PCR (qRT-PCR) experiment. This timing mimics the experimental setup in previous experiments with loading.
Tissue harvesting. Animals for gene expression analyses were killed on day 5, 15 min or 3 h after needling. These time points correspond to the two previous studies on gene expression after one single loading episode (8, 9) . The rats were anesthetised with isoflurane gas, and before the tissue was harvested, the skin was shaved and washed. The healing tissue was dissected free from the surrounding soft tissue under sterile conditions. A midsegment from the callus (only consisting of newly formed callus) was harvested, quickly rinsed in NaCl, snap frozen in liquid nitrogen, and stored at Ϫ80°C until RNA extraction. The rats were thereafter killed with an overdose of pentobarbital sodium (APL, Stockholm, Sweden). Animals for mechanical evaluation were killed on day 8 after surgery by CO2 inhalation, and the healing tendons were harvested together with the calcaneal bone and parts of the calf muscle.
Mechanical evaluation. Nineteen tendons were used for mechanical evaluation. Tendon sagittal and transverse diameters were measured with a slide caliper on the midpart of the callus tissue and the cross-sectional area was calculated, assuming an elliptical geometry [(Sagittal d * Transverse d * )/4]. The distance between the old tendon stumps (referred to as gap-distance) was visualized by transillumination and measured. The muscles were carefully scraped of the tendon fibers by blunt dissection, and the tendon fibers were fixed in a metal clamp by fine sand paper. The distance between the metal clamp and the calcaneal bone was measured as the length of the specimen. The bone was fixed in a custom-made clamp in 30°dorsiflexion relative to the direction of traction in the materials testing machine (100R, DDL, Eden Praire, MN) and the machine pulled at constant speed of 0.1 mm/s until failure. Peak force (N), stiffness (N/mm), and energy uptake (Nmm) were calculated by the software of the testing machine (Fig. 1) . The investigator marked a linear portion of the elastic phase of the curve for stiffness calculation. Peak stress (peak force/transverse area; MPa) and elastic modulus (stiffness * specimen length/ transverse area; MPa) were calculated afterwards, assuming an elliptic cylindrical shape and homogenous mechanical properties. The displacement was expressed as a fraction of the starting length of the sample. All measurements and calculations were carried out by an investigator blinded from group allocation of the specimens.
RNA isolation and purification. Extraction of the RNA was carried out by a combination of the Trizol method and RNeasy total mini kit (Qiagen, Stockholm, Sweden) (26) . The tendons were pulverized one by one by a tungsten ball in liquid nitrogen cooled vessels in a Retsch mixer mill MM 200 (Retsch, Haan, Germany). Trizol was added followed by chloroform. The samples were centrifuged and separated into different phases. The aqueous phase was transferred and mixed with ethanol. The RNA was further purified using RNeasy total mini kit according to the manufacturer's instructions. Potential DNA contamination was eliminated by DNase treatment. RNA yield and integrity was analyzed by Nanodrop, ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and RNA 6000 nano kit (Agilent Technologies, Waldbronn, Germany). RNA samples were stored at Ϫ80°C until used.
Quantitative real-time PCR. Twenty-four rats were used for gene expression analysis, eight in each group. Five hundred nanograms of total RNA was transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Warrington, UK). Genes were chosen for the analyses based on previous studies after one loading episode (8, 9); in total, 19 genes were studied and primers were bought from Applied Biosystems (see table 2 for primer and gene information). Amplification was performed in 15-l reactions using TaqMan Fast PCR Master mix (Applied Biosystems), and each sample was analyzed in triplicate. qRT-PCR reactions were conducted using a standard curve methodology to quantitate the specific gene targets of interest. The standard curve was made with embryonic rat RNA (for all genes except iNOS) or rat spleen RNA (for iNOS) (Labinova, Upplands Vasby, Sweden). Each sample was normalized to a geometric mean of three reference genes 18S rRNA, cyclophilin A, and ubiquitin C (Applied Biosystems); the expression of the three reference genes did not vary significantly between the groups. Reactions with no reverse transcription and no template were added as negative controls.
Statistical analysis. The mechanical testing was analyzed by Student's t-test, using peak force as the primary outcome variable. We also hypothesized that a set of genes, known to be regulated by mechanical loading, would be regulated by needling. Therefore, each gene provided a null hypothesis of its own, and no correction for mass significance was deemed necessary. Results from qRT-PCR were by analyzed Mann-Whitney U-tests to see if expression was different between the needling and control groups. Controls and tendon calluses traumatized by needling with an insulin needle on days 2-5. Values are expressed as mean Ϯ SD and percentage increase. P values are from a Studentś t-test. N ϭ 9 in each group. The percentage increase by loading is from a previous study with 4 ϫ 5 min loading [Eliasson et al. (9) ]. *The displacement is expressed as a fraction of the starting length of the sample. 
RESULTS
One rat in the needling group for mechanical evaluation was excluded due to a swollen foot on day 4. In all, 19 genes were analyzed, and 16 of them were expressed differently in the needling and control groups (P Ͻ 0.002 for all 16 genes except scleraxis, angiopoietin-like 1, and coagulation factor 3 which had P Յ 0.05).
Needling made the tendon callus stronger. Repeated microtrauma for four consecutive days increased the strength of the tendon callus by 45% (P ϭ 0.002) and the energy uptake by 130% (P ϭ 0.004) compared with the controls (Fig. 2, Table  3 ). The displacement at rupture was also increased by 26% after needling (P ϭ 0.02), while no other mechanical parameters and cross-sectional area appeared to be changed by trauma.
Four genes were regulated at 15 min. On the basis of previous studies of gene expression after loading (9), we hypothesized the following genes to be up-regulated after 15 min: c-Fos, Egr1 and Rgs1, Egr2, and FosB (See Table 2 for full names of the genes). This was confirmed for c-Fos, Egr1, and Rgs1. Moreover, IL-1b was up-regulated. These genes were also up-regulated after 3 h (Fig. 3) . The expression of c-Fos, Egr1, and Rgs1 peaked at 15 min, while IL-1b peaked at 3 h. The strongest up-regulation at 15 min was seen for c-Fos, which was roughly 7 times more expressed after needling compared with the controls (P Ͻ 0.001). Rgs1 was 5 times more expressed (P ϭ 0.001). The expression of Egr1 and IL-1b was approximately doubled (P ϭ 0.001) compared with the control group at this time point (P ϭ 0.001 and P ϭ 0.04, respectively).
Twelve other genes were regulated at 3 h. On the basis of previous studies of gene expression after loading (8), we hypothesized 14 genes to be up-regulated after 3 h. Of these genes, 12 were confirmed (Fig. 4) . Additionally, the four genes which were regulated after 15 min were also regulated after 3 h (Fig. 3) . The strongest up-regulation was seen for iNOS, which was expressed 38 times more 3 h after needling compared with controls (P Ͻ 0.001). IL-1b and Ptges were 12 times more expressed after needling at the same time (P Ͻ 0.001 for both). IL-1rn were 8 times more expressed (P Ͻ 0.001), while Vegf and Adamts-4 were 3.5 time more expressed (P Ͻ 0.001 for both). The other five up-regulated genes (Pappa, F3, F5, C3, and FosB) were roughly doubled in their expression (P Ͻ 0.003 for all except for F3, P ϭ 0.04). Scleraxis and Angptl1 were the only genes down-regulated after needling (P Ͻ 0.05). The three genes which were not significantly different from controls were Angpt1, Egr2, and tenomodulin.
DISCUSSION
Microdamage during early tendon healing increases callus strength. Repeated needling created a stronger tendon, similar to what we have seen after 30 min of daily loading for four consecutive days (7) . The improvement in strength was even more pronounced compared with what we have previously seen after 4 ϫ 5 min of loading, which made the tendons 29% stronger (95% CI 6 -55%, Table 3 ) (9) . Notably, the displacement before rupture also increased but not the stiffness. This suggests that the main effect of microtrauma was to increase the ability to deform and thereby take up more energy and tolerate a higher force. The stimulatory effect of needling might be of interest from a clinical perspective. During rehabilitation after, e.g., Achilles tendon injury, there is often a fear of overloading. This fear might perhaps be exaggerated. One could speculate that as long as the degree of loading is under control and not abruptly increased, a slight or moderate pain might be a desirable signal that an appropriate and beneficial microdamage has occurred. However, it should be noted that in this experiment, as in our loading experiments, the trauma was inflicted only once a day, during a short time, while the rest of the day was assigned for recovery.
Similar gene response but to different levels. Almost all genes that we have previously seen altered by loading in healing tendons were also altered after needling (8, 9) . This similarity in response was striking, and there were only a few of the chosen genes which were unaltered by needling. The level of up-regulation after needling and loading differed, however, especially for the genes involved in the inflammatory response. iNOS was 38 times more expressed 3 h after needling compared with controls, while it was only 6 times more expressed after loading compared with controls (Table 4) . A similar pattern was seen for the expression of IL-1b, IL-1rn, and Ptges, which were 8 -12 times more expressed after needling compared with 2-3 times more expressed after loading. This could be a consequence of more damage created by needling compared with loading and more infiltration of inflammatory cells. However, these genes could also be more involved in the response after trauma compared with the response after mechanotransduction. Inflammation is likely to be both good and bad for tendon healing. Some of the proteins involved in the inflammatory response to trauma might be important for the initiation of tendon healing as well as in the adaptive response in the tendon after loading. However, a long-lasting inflammatory response might have detrimental effects. With regards to the microdamage possibly induced by loading, we believe that this could promote healing, especially if there is time for rest in between the loading episodes.
Early genes respond to both needling and loading. Early genes, like c-Fos and Egr1, responded to both trauma and loading (9) . The levels of increase for c-Fos, Egr1, and Rgs1 were similar after trauma and loading. These genes have also previously been shown to respond to different types of stimuli, including both wounding and loading (13, 24, 36, 37) . In contrast to loading, Egr2 was not significantly regulated after needling. This could indicate that this gene is more responsive to mechanotransduction than trauma. There was also a discrepancy in the FosB response. FosB was up-regulated 15 min after loading but not after needling. Instead, it was strongly upregulated 3 h after needling. FosB is an early response gene and this discrepancy might indicate that the response 3 h after trauma is a secondary response, while the response 15 min after loading might be a primary response to mechanotransduction.
The results in this study do not exclude positive effects of mechanotransduction after loading. It could be that damage and mechanotransduction use similar signaling pathways during tendon healing.
Limitations. The clinical relevance of our animal experiment is uncertain, and from a clinical aspect, the findings should only be seen as hypothesis generating. Unloading with Botox is not complete, and the stimulation from passive motion may cause unknown effects. Furthermore, it is unclear if needling recapitulates the injury pattern from mechanical overloading. Indeed, the needling injury might be more macro than micro. We only investigated gene expression levels and not protein levels, and there is not always a good correlation between these two. However, the previous studies were also concerned with gene expression only, and we have therefore no protein levels to compare with. We also used a different unloading method in this study: previous studies after loading used tail-suspension; this one used Botox. However, we have previously seen that both these models give a similar reduction in strength of the healing tissue (1) . Another limitation is that we are unable to study mechanotransduction during early tendon healing without creating any trauma, due to the fragility of the early callus tissue. The percentage increase by loading is from two previous studies [Eliasson et al. (8, 9) ]. N.a. means not analyzed. There was a notable discrepancy in the extent of the response to trauma and loading for genes involved in inflammation (IL-1b, IL-1rn, iNOS, and Ptges) but also for FosB.
